ABSTRACT. Objective. Changing patterns of immigration to North America, along with improved treatment, have altered the clinical spectrum of thalassemia, one of the world's most common genetic diseases. The new demography of the disease, with its widely variable phenotypes, has implications for its diagnosis, counseling, and management. Characterization of the new spectrum of this ancient disease, now predominated by minority groups, is essential for optimizing survival.
decreasing birth rates of Mediterranean patients resulted in an aging Greek/Italian population being replaced by a young Asian/Middle Eastern population. Now, Asian patients account for >50% of the thalassemia population. Evidence of increasing survival is reflected in an advancing mean age of white patients with thalassemia major (25 years, up from 11 years in 1974). The results of the non-TCRN thalassemia survey confirm these observations and describe a young multiethnic thalassemia population distributed throughout North America. Newborn-screening results suggest that thalassemia births in North America are increasing and reflect the change in genotype and phenotype observed in the TCRN populations.
Conclusions. The epidemiology of thalassemia in North America reflects a heterogeneous group of diseases with new ethnicities, genotypes, and phenotypes. In these communities, physicians will need to provide education, prenatal diagnosis, counseling, and management of this newly diverse group of patients. 
S
evere thalassemia, based on observations of Italian children with characteristic anemia and bone deformities, was first described in North America in 1925 1 and later termed "thalassa anemia" ("anemia by the sea") because of recognized links to the Mediterranean region. 2 Documented in all ethnic groups originating from geographic regions in which malaria was or remains endemic, thalassemia is an increasing public health problem worldwide. 3 Ninety-five percent of affected births occur in Asian, Indian, and Middle Eastern regions, areas from which over the past decade many immigrants have relocated to North America. 4 Fatal in the absence of modern medical care, thalassemia is associated with extended survival with adherence to transfusion and effective iron-chelation regimens. A high mortality rate has been reported by some authors 5 but has not been corroborated in expert centers. [6] [7] [8] [9] Although previous reports 6, 7 have focused on smaller cohorts of patients with thalassemia on this continent, neither the demography nor the natural history of the North American population over the last 10 years has been reported. Many genotypes previously considered to be uncommon in North America 3 are diagnosed increasingly in many screening programs because of dramatic population shifts of affected populations to North America. Understanding the phenotypic expression of these syndromes, many of which are not well characterized even in their countries of origin, 10 will be essential for optimizing treatment for North American patients in the new millennium.
The Thalassemia Clinical Research Network (TCRN) of the National Heart, Lung, and Blood Institute examined the demography and natural history of all patients with thalassemia who are registered in the 5 largest treatment centers in North America. The goal of the TCRN is to provide information on the changing face of this disease and the implications for diagnosis, counseling, and treatment.
METHODS
To define the disease spectrum and facilitate clinical research, the TCRN developed a cross-sectional registry to characterize the demographic and clinical features of North American patients. Institutional review boards at all sites and the TCRN Data and Safety Monitoring Board approved the study. Data were included from all living patients who gave informed consent and were diagnosed with ␣-thalassemia, hemoglobin E-␤-thalassemia, ␤-thalassemia major, or ␤-thalassemia intermedia, obtained by using a medical-record review supplemented by patient interview. Sickle cell ␤-thalassemia disorders were excluded from analysis, because it is commonly classified as a sickle cell disease because of its pathophysiology. Demographics, molecular diagnosis, and medical history, focusing on previous and present treatment and complications, were obtained by using a 14-part casereport form. Data were collected once for each subject from June 2001 to January 2004. Ages were determined at enrollment and at the time of specific events. Eighty percent of all forms were reviewed at the individual sites. Independent source-document verification was conducted for selected variables on 30% of the forms.
Age trends in prevalence were tested by Cochran-Armitage trend tests. Associations of categorical variables were tested by Fischer's exact test. Confidence intervals on odds ratios are exact. Analyses were conducted in SAS 8.2 (SAS Institute, Inc, Cary, NC).
Molecular and Clinical Definitions
Diagnosis was based on clinical history and laboratory confirmation by hemoglobin electrophoresis and/or DNA testing. By using common testing panels and following published methods, 11 ␣-and ␤-globin mutations were determined at reference laboratories. Differentiation of ␤-thalassemia major and intermedia was based on transfusion requirements over 12 months before entry in the registry: patients receiving Ն8 transfusions over that period were classified as thalassemia major; those receiving transfusions on Ͻ8 occasions were termed thalassemia intermedia. All patients with E-␤-thalassemia were included in 1 category regardless of transfusion history. Severe ␣-thalassemia included 1 of 3 genotypes: homozygous ␣-thalassemia (4 genes deleted), hemoglobin H disease (3 genes deleted), or hemoglobin H-Constant Spring or another nondeletional ␣-thalassemia allele (with 2 genes deleted on the allele in trans).
Two comparative surveys were completed. The first survey compared the thalassemia population over time within the TCRN regions, and the second survey compared TCRN patient data to patients identified in non-TCRN clinical programs in North America.
In 1973, 1985, and 1993, surveys of patients with thalassemia within the TCRN regions were undertaken. [12] [13] [14] A questionnaire requested listing of all current patients with ␤-thalassemia major and ␤-thalassemia intermedia. Respondents were asked not to report patients with ␣-thalassemia syndromes and double heterozygotes (eg, hemoglobin S-␤-thalassemia and hemoglobin E-␤-thalassemia). Each patient's date of birth and ethnicity were obtained. The 1973 and 1985 surveys consisted of TCRN center regions Canada, New York State, Northeast (Boston, MA), Philadelphia, PA/Washington, DC, and Chicago, IL. 12, 13 With the addition of the California region in 1993, Ͼ90% of the patients surveyed were within the present TCRN center regions. In the 1993 survey, the geographic locations of the 443 patients identified were Canada (116), New York (142), California (52), Northeast (44), Philadelphia (30), Chicago (15) , and other (44). 14 To determine if the TCRN patient epidemiology is representative of North American patients, a survey of 87 additional clinical programs representing each region in North America was undertaken. Seventy-two programs actively follow patients with thalassemia (11 do not follow patients, 4 had no response). A questionnaire, with verbal confirmation, collected the number, ethnicity, and age category of patients seen in the last year. The questionnaire included patients with ␤-thalassemia major and ␤-thalassemia intermedia according to the definitions given above; respondents were asked not to report patients with ␣-thalassemia syndromes and double heterozygotes (eg, hemoglobin S-␤-thalassemia and hemoglobin E-␤-thalassemia).
The number, ethnicity, and genotype of patients with thalassemia detected in hemoglobinopathy programs from the 2 largest thalassemia regions are reported from each reference hemoglobin laboratory. In California, Children's Hospital Oakland Reference Hemoglobin Laboratory and Genetic Disease Branch, California Department of Health Services (F.L.), determined diagnoses in pilot (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) and statewide (1990 to present) universal newborn-screening programs. In the Province of Ontario (Canada), thalassemia cases were reported through the provincial reference laboratory at McMaster University Medical Centre (1989 to present).
RESULTS
Seven hundred twenty-one enrolled patients completed collection of the registry data: 389 patients with ␤-thalassemia major, 105 patients with ␤-thalassemia intermedia, 95 patients with E-␤-thalassemia, and 132 patients with ␣-thalassemia (hemoglobin H [80], hemoglobin H-Constant Spring or another nondeletional mutation [43] , and homozygous ␣-thalassemia [9] ). In 519 patients (72%), molecular diagnosis was confirmed by DNA testing. The most prevalent phenotypes are shown in Table 1 . Genotype distributions are summarized in Table 2 . Note that Tables  1 and 2 report 519 patients who have undergone genotyping, as appropriate for their clinical diagnosis, of either ␣-or ␤-globin genes. Therefore, these 519 patients represent patients who have undergone complete ␣-and ␤-globin genotyping (n ϭ 445) and either ␣ genotyping (but not ␤-globin genotyping) or ␤ genotyping (but not ␣-globin genotyping).
Combinations of the alleles shown resulted in 160 genotypes, 134 of which were expressed as ␤-thalassemia, among 445 patients who had undergone complete genotyping of both ␣-and ␤-globin genes. In almost half (44%) of the patients, combinations of 6 common mutations (3 Mediterranean mutations, intervening sequence [IVS] I-110 G3 A, codon 39 C3 T, and IVS I-6 T3 C; and 3 Asian mutations, IVS-I-5 G3 C, codon 41/42 ϪTCTT, and Ϫ28 A3 G) resulted in 7 common ␤-globin genotypes. Eightyeight percent of the patients with E-␤-thalassemia were heterozygous for 1 of 6 Asian/Indian mutations (codon 15 TGG3 TAG, codon 41/42 ϪTCTT, codon 17 A3 T, IVS I-1 G3 T, IVS I-5 G3 C, and IVS II-654 C3 T). Eight percent of E-␤-thalassemia syndromes coinherited at least 1 ␣ gene mutation (Ϫ SEA (Southeast Asian); Ϫ FIL (Filipino); ␣ CS (Constant Spring); ␣ 3.7 ; Ϫ␣ 4.2 ). These 5 mutations were responsible for 90% of the ␣-thalassemia genotypes. The hemoglobin H-Constant Spring mutation was present in 27% of the patients with ␣-thalassemia.
Genotype was broadly correlated with phenotype: 87% of patients with a homozygous ␤ 0 thalassemia genotype were clinically thalassemia major phenotypes ( Table 2) . Coinheritance of the ␣-thalassemia trait was weakly associated with reduced transfusion requirement in ␤ 0 /␤ 0 patients (33% of patients with thalassemia intermedia with this genotype, compared with 11% of patients who received regular transfusions, have the ␣-thalassemia trait; P ϭ .10). A severe thalassemia phenotype associated with a single ␤-thalassemia mutation (in which only 1 abnormal ␤ allele was identified) was detected in 15 patients (13 with thalassemia intermedia, 2 with thalassemia major). These phenotypes were associated with the triplication and quadruplication of ␣ genes, or heterozygosity for a dominant ␤-thalassemia allele. 15 The transfusion status of patients with E-␤ 0 -thalassemia did not seem to be affected by the coinheritance of ␣ mutations. Hemoglobin H-Constant Spring disorders were more likely, compared with those with hemoglobin H disease resulting from gene deletions, to require regular transfusions (33% vs 0%; P Ͻ .001) and to have undergone splenectomy (17% vs 0%; P Ͻ .01).
Analysis of the geographic distribution showed 228 patients in the Toronto region, 214 in California,
, whereas ␣-thalassemia and E-␤-thalassemia are more common in the western regions.
The ethnic background of patients by diagnosis included 43% white, 51% Asian, and 6% black or multiethnic (Table 3 ). There is a strong association between ethnicity and patient genotype; nearly all white patients have ␤-thalassemia major and intermedia, whereas individuals of nonwhite descent account for nearly 40% of patients with ␤-thalassemia major and intermedia. Of the patients with hemoglobin H and E-␤-thalassemia, 80% and 90%, respectively, are Asian. Figure 1 shows the relationship between ethnicity and age in the current population. Three quarters of the infants and children are of Asian and Middle Eastern origins. By contrast, two thirds of the surviving adults are white. These differences are amplified when specific genotypes are analyzed. ␣-Thalassemia and E-␤-thalassemia are predominantly pediatric Asian disorders. Pediatric patients with thalassemia major and intermedia are predominantly Middle Eastern and Asian, whereas affected adults are white.
Since 1973, 4 of the 5 thalassemia TCRN regions have been jointly collecting data about the demography of thalassemia; California was added in 1983. Data comparing thalassemia epidemiology over time from these regions are analyzed in Figs. 2 and 3 . Increased survival and decreasing birth rates of Mediterranean patients result in an aging Greek/Italian population being replaced by a young Asian/Middle Eastern population. Figure 2 examines the age distribution of thalassemia major patients over several decades. The differences between the mean ages reported in 1973, 1985, 1993, and 2003 are all significant, with the largest increase observed in the most recent decade. The percentage of patients living past 25 years also increased dramatically over the last 3 decades. In 1973, 2% of the population exceeded the age of 25 years, increasing to 7% in 1985. 13, 14 At the time of this writing, 36% of the patients were older than 25 years. From 1973 through 1993, there were 4 patients with thalassemia major who were 40 to 50 years old. In this analysis, 17 (4%) patients were older than 40 years, and 2 (0.5%) were 51 years old. Figure 3 compares the ages and ethnicity of patients with thalassemia major within the TCRN regions. Italian/Greek patients are compared with others over the last decade. Newborns and children are predominately non-Mediterranean; older adult patients seem to be surviving longer and are largely Mediterranean.
Recent immigration changes and subsequent thalassemia birth rates are most likely responsible for the high proportion of Asian children with thalassemia. These changes are not reflected yet in the adult thalassemia population. In the last 3 decades, census data indicate a 2000% increase in Asian immigration preceded by a corresponding decrease in Mediterra- nean immigration (Fig. 4) . 16 This change in immigration is reflected by similar trends in thalassemia births. Hemoglobinopathy programs from California and Ontario, which account for the majority of TCRN patients, illustrate the increasing number and changing ethnicity and genotype of thalassemia births ( Fig.  5 ; Table 4 ). 1975 to 1989 refers to pilot newborn screening, making rate comparisons with the 1990-to-present interval difficult. In the 1970s, 70% (7 of 10) of newborns with ␤-thalassemia major in Califor- 
See text for comodifiers of the above genotype: ␣-thalassemia, ␣-triplication, ␣-quadruplication, and heterozygosity for dominant ␤-thalassemia allele. n indicates the number of patients with complete DNA genotype results; A, normal ␤-globin gene; A/␤ 0 , dominant heterozygote for ␤ 0 ; A/␤ ϩ , dominant heterozygote for ␤ ϩ ; Ϫ/Ϫ, 4 ␣ gene deletions; Ϫ/␣(T)␣, ␣ gene deletions with structural mutation (eg, H-Constant Spring). (11) 59 (15) 11 (10) 4 (3) 8 (8) Chinese 95 (13) 50 (13) 9 (9) 26 (20) 10 (11) Southeast Asian 147 (20) 10 (3) 5 (5) 70 (53) 62 (65) Other Asian † 44 (6) 17 (4) 3 (3) 12 (9) 12 (13) Other ethnicities ‡ 41 (6) 13 (3) 12 (11) 15 (11) 1 ( nia were white, in contrast to 16% (9 of 56) of the patients in the last decade. A similar trend is evident for Ontario, in which 65% (36 of 55) of the patients with ␤-thalassemia born in the 1970s were of Southern European descent, compared with 21% (15 of 71) born after 1990. Of the 39 patients with ␤-thalassemia identified in the 1960s, 59% were southern European. In the last decade, 21% of the 71 identified patients were southern European.
The results of the North American non-TCRN thalassemia survey indicate a young, multiethnic population limited in the number of patients within each program and widely dispersed throughout all regions. Eighty-three percent (72 of 87) of programs surveyed followed patients with ␤-thalassemia. The results included 355 patients (231 with thalassemia major, 118 with thalassemia intermedia, and 6 unclassified). Thirty-five states had patients with thalassemia representing all regions (32% West, 30% South, 20% Northeast, 13% Midwest, and 5% Canada). (The mean number of patients per center was 5 [median : 3] . Seventy-three percent of the total population was pediatric, including 68% thalassemia major patients and 79% thalassemia intermedia patients.) The ethnicity of the population was 50% Asian, 30% white, and 20% Middle Eastern/other.
DISCUSSION
Recently, the ethnicity, age distribution, and genotypes of North American patients affected by severe thalassemia have changed dramatically. 3, 13, 14, 17 Declining immigration from Mediterranean regions, effective genetic counseling programs, and improved therapy have resulted in Mediterranean patients being underrepresented in pediatrics and disproportionately found among older survivors. In contrast, immigration from Asia 3, 6, 7, 18 has increased 2000% between the 1960s and the 1990s (Fig. 4) . The immigration of this high-risk population is responsible for the recent increase in patients with thalassemia detected in newborn-screening programs. In parallel with these changing demographic patterns, the disease genotypes have also been altered. The formerly less well-examined syndromes of hemoglobin H and E-␤-thalassemia, arising primarily in immigrants of Asian or Indian/Middle Eastern descent, have acquired proportionally greater clinical importance and account for 28% of the population reported in this study. The changing pattern of ethnicity extends beyond E-␤-thalassemia and ␣-thalassemia; 60% of the children affected by thalassemia major, a disorder historically affecting white people in North America, are from other ethnic backgrounds, reflecting the high birth rate of affected children in some areas of Asia and India, in which ␤ 0 -thalassemia has been reported to occur in 1 of every 2000 births. 3 The hemoglobinopathy programs from California and Ontario, 2 regions with the most patients with thalassemia, illustrate the effects of immigration on the number and ethnicity of thalassemia births. Thalassemia can no longer be termed a "Mediterranean anemia." 19 What are the implications of this analysis for management of thalassemia in North America? Clearly, attention to the screening, diagnosis, and management of E-thalassemia is indicated: hemoglobin E is the most common hemoglobin variant worldwide, with an incidence of the most severe phenotype, hemoglobin E-thalassemia, of 1 in 2200 births among Southeast Asians. 20, 21 Little is understood about the variable phenotype of this genotype, an issue that deserves more study. 14, 20, 22 Similarly, although hemoglobin H disease was once considered to be a relatively benign condition, variants are more severe than originally considered. 23 One third of our patients with hemoglobin H-Constant Spring disease receive transfusions. Hemoglobin H-Constant Spring is considered a public health problem in California and requires neonatal screening. 18 Finally, homozygous ␣-thalassemia, previously considered uniformly fatal, is increasingly associated with survival throughout childhood; 7 such patients are included in this report. 24 Homozygous ␣-thalassemia will be diagnosed more often before birth because of advances in diagnostic and interventional obstetric technology, and a greater understanding of this disease also needs urgent attention.
The optimal approach to treatment of thalassemia syndromes in this population is uncertain. Transfusions, stem cell transplantation, hemoglobin-F chemotherapy, and preimplantation diagnosis are therapeutic options available for families. However, lack of clear genotype-phenotype correlations create a dilemma in decision-making. Although heterogeneity in phenotype cannot be totally explained by the globin mutations, adequate genotyping will allow for useful phenotypic predictions. For example, comprehensive genotyping would enable parents of a newborn homozygous for the ␤-globin codon 39 nonsense mutation without ␣-thalassemia to receive education about chronic transfusion therapy and stem cell transplantation before the child became ill. The morbidity from delayed diagnosis of hemoglobin-H Constant Spring and syndromes with excess ␣ genes or dominant ␤-thalassemia alleles could be prevented also. Genotyping also permits separation of homozygous E, a benign condition, from E-␤ 0 -thalassemia. Hemoglobinopathy-screening programs should use genotyping methods. High-throughput multiplex DNA techniques can cost-effectively screen for common European and Asian ␣-globin and ␤-globin alleles, as well as genetic modifiers, that account for the majority of hemoglobinopathies observed in our population. [25] [26] [27] New developments in the monitoring and treatment of thalassemia have redefined the definition of adequate care for these diseases. These complex standard-care guidelines will require a close working relationship between thalassemia centers and the growing number of smaller patient programs in North America. 28 Thalassemia, often considered a pediatric disease, has become a chronic adult illness with a median life span approaching 40 years in North America. Fertility and other complex medical problems associated with older patients need to be addressed. Linguistic isolation and socioeconomic barriers, often associated with immigrant populations, impair the ability to implement comprehensive care and necessitate trained counselors and translators. A multidisciplinary approach that addresses the changing treatment and epidemiology of thalassemia will ensure improved quality of life and survival.
